Abstract-The miniaturized dual-mode dual-band band-pass filters (BPF) using Minkowski-island-based (MIB) fractal patch resonators are proposed in this paper. The BPF is mainly formed by a square patch resonator in which a MIB fractal configuration with 2nd order iteration is embedded in the patch. By perturbation and interdigital coupling, the wide-band and dual-band responses are obtained respectively. For miniaturized wide-band design, at 2.41 GHz central frequency it has good measured characteristics including the wide bandwidth of 2.26-2.56 GHz (3-dB fractional bandwidth of 12.4%), low insertion loss of 0.72 dB, high rejection level (−52.5/−44.9 dB), and a patch size reduction with 60.6%. For compact dual-band design, the proposed filter covers the required bandwidths for WLAN bands (2.20-2.96 GHz and 4.74-5.85 GHz). The patch size reduction of 78.1% is obtained. Two transmission zeros are placed between the two passbands and resulted in good isolation.
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INTRODUCTION
The dual-mode, introduced by Wolff [1] , could be implemented on a microstrip resonator. This characteristic was usually applied to realize band-pass filters in microstrip circuits. Dual-mode filters have been widely used in wireless communications systems because of their advantages in applications such as small size and low loss. As is well known, there are several commonly used dual-mode patch resonators including crossed slots [2, 5] , loaded crossed-slots [3] , right crossed-slots [4, 7, 10, 14] , SIR [6] , slot etched [15] , and fractal configurations [8, 9, [11] [12] [13] 16 ] in a square patch. For miniaturization, five patches centered at 1.53, 1.595, 2.40, 14.125, and 2.15 GHz, with the size reductions of 50% [3] , 58% [4] , 24% [10] , 53% [13] , and 74% [15] respectively were proposed.
The patch resonator with a pair of tilted crossed slots was first proposed for the filter design having the size and loss reduction simultaneously [2] , and the patch resonators using inductively loaded crossed-slots or right crossed-slots are used to reduce the loss and to generate the BPF with transmission zeroes.
Recently, the dual-mode filters with Sierpinski-based fractal resonator were introduced [8, 9, 11] . The alternative fractal-shaped BPF was applied for UWB applications [12] , and the MIB fractal patch resonators were applied [13, 16] . The iterative configurations consisted in etching each side of the square patch with a space-to-side ratio = 1/7. It was a lower ratio fractal patch resonator [13] . Meantime, the dual-mode fractal patch resonator with miniaturization was applied to achieve a wideband system [16] . The basic characteristics of the fractal geometry are space-filling and self-similarity. Space-filling technique is applied to miniaturization and self-similarity is used to obtain wide-band and multi-band responses. Thus, the fractal patch resonator for dual-mode BPF design is an interesting topic to study.
The increasing demand for multi-band applications has required a single wireless transceiver to support multi-band operations. The dualband BPF plays an important role in a multi-band transceiver [17] [18] [19] [20] [21] [22] [23] [24] [25] . Applied to 2.4 and 5.2 GHz dual-band systems, a coupledserial-shunted line structure was designed [17] . The parallel-coupled and vertical-stacked SIR configurations were used at 2.45/5.2 GHz or 2.45/5.8 GHz dual-band [18] . The compact ring dual-mode resonator with 2.4/5.2 GHz dual-band was proposed [19] . The dual-mode ring resonator with periodically-loaded open stubs was presented with 2.4/5.8 GHz dual-band [23] . However, WLAN systems combining 2.4, 5.2, and 5.8 GHz are becoming more attractive. Especially for universal applications, it should be covering the whole 2.4-2.5 GHz and 5.15-5.85 GHz bands for the WLAN systems. Thus, a dual-band and wideband filter is a key component for such WLAN systems.
In this article, we propose a novel dual-mode BPF by using a 2nd order MIB fractal resonator. The fractal patch resonator with a spaceto-side ratio = 1/3 is constructed. It was a higher ratio fractal patch resonator and much space can be obtained. Minkowski-island is a plane fractal configuration described in 1997. Cohen proposed the antenna with miniaturization and multi-band responses based on Minkowskiisland fractal [26] . First, by increasing the iteration order of MIB fractal resonator, the resonant frequency can be moved towards the lower frequency, indicating a miniaturized property. Second, adding a perturbation element at the corner of the MIB fractal resonator, the various dual modes can be found in a wide-band response. Consequently, a 2nd order MIB fractal resonator is used to design a high performance dual-band BPF at WLAN 802.11a/b/g systems. Finally, the dual mode BPF is implemented and then measured, and the simulation responses are well confirmed by the measured results.
CONFIGURATIONS AND BASIS

Dual-mode Square Patch Resonators with Perturbation
For dual-mode square patch, the typical resonator, crossed slots, right crossed-slots, slot etched, MIB fractal resonator, and Sierpinskibased fractal resonator are used for designing the BPF and shown in Figures 1(a) to (f), respectively. Both input and output ports are spatially separated 90 • from each other, and put perturbations such as a patch in corner are located 135 • offset from input and output ports and the basic dual-mode square-loop resonator BPF is established. 
Minkowski-island Based Fractal Configurations
In Figures Table 1 . The responses are shown in Figure 3 , and the simulation results are tabulated in Table 2 . When the iteration order increases, the space and the island in each patch are different, and the central frequency, the bandwidth, and the transmission zeros are varied. The created space mainly influences the central frequency which shifted down in the spectrum as the space increases. Self-similarity islands spread the bandwidth. As the 1st order iteration patch, the space occupies about 44% area of the patch, and it has 5 islands. The central frequency of the 1st order iteration patch is dramatically lowered to 2.53 GHz as opposed to 3.89 GHz of the original patch for the fixed side length. It implies that the side length of the patch is reduced by 57.7% if the operating frequency keeps unchanged.
For the 2nd order iteration patch, the space presents about 64% area of the patch, and it has 25 islands. The central frequency shifts from 2.53 to 2.44 GHz related to the 1st order iteration patch. Meanwhile, the fractional BW spreads from 7.50% to 11.47%. Finally, for the 3rd order iteration patch, the space required is about 66% area of the patch, only 2% more than the 2nd order iteration patch; however, it has 125 islands. Although the fractional BW extents from 11.47% to 13.84%, the central frequency rises slightly because of the high-frequency effects of the smaller islands. It is found that applying the second order of MIB fractal, the resonant frequency can be moved towards the lower frequency, indicating a miniaturized property with a patch size reduction about 60.6%. In addition, the 3rd order iteration patch has much smaller islands, and it could have the fabrication inaccuracies. Thus, the 2nd order iteration patch with identical islands is a suitable approach for accurate design.
DUAL-MODE WIDE-BAND BPF WITH 2ND ORDER MIB FRACTAL RESONATOR
Dual-mode wide-band BPF with 2nd order MIB fractal resonator is proposed in Figure 4 The simulations for the proposed filter are achieved with IE3D [27] . In contrast to the FR4 substrate and the input and output directive couplings used in the previous works [16] , the Duriod-6010 substrate with dielectric constant ε r = 10.2, δ = 0.0023, thickness h = 1.27 mm (≤ 0.03λg) is used and the improved T-couple is proposed. The effective dielectric constant is ε eff = 8.11 and guided wavelength is λg = 43.2 mm at frequency f 0 = 2.44 GHz. The patch size is 11.05 × 11.05 mm 2 (0.25λg × 0.25λg).
The proposed filter is simulated and measured in Figure 5 Figure 5 , the patch size reduction of 60.6% is obtained in the proposed filter.
The variations of the perturbation are investigated in Figure 6 . As perturbation increases, 1.8 mm ≤ W p1 ≤ 2.4 mm, the dual-mode deviation increases, and the coupling coefficients ( 
Dual-mode Dual-band BPF with 2nd Order MIB Fractal Resonator
For the design of a resonator using a novel inter-digital coupling, the dual-mode dual-band BPF with 2nd order MIB fractal resonator is proposed in Figure 7 Figure 9 presents the surface current distributions of the proposed filter. In the pass-band, the square patches around the edge side The variations of the perturbation are investigated in Figure 10 . As perturbation increases, 2.8 mm ≤ W p1 ≤ 3.6 mm, the dual-mode dual-band deviation increases. The photographs of the filters are presented in Figure 11 . The left one is the dual-band filter, and the right one is the wide-band filter. In contrast to the original patch resonator shown in Figure 5 , the patch size reduction of 78.1% is obtained in the dual-band filter. Since the square patches around the edge side exhibit the identical surface current distributions with the electrical path according to the resonances, we can design the MIB fractal patch by using square loop resonator. For a square loop resonator, the mean circumference of the loop is equal to an integral multiple of the guided wavelength, the resonance is established as:
where L 1 = side length of the loop, λ g = guided wavelength.
The guided wavelength is written as:
where λ 0 = wavelength in free space, ε eff = effective dielectric constant. The resonated frequency is expressed as:
As n = 1, the central frequency f 1 in first band is obtained. When n = 2, the central frequency f 2 in second band is presented. The effective design procedure is provided:
1. According to the central frequencies of the desired two bands, the circumference of the patch is equal to the guided wavelength, and the side dimension of the patch is determined by (1) to (3). 2. Increasing the perturbation size and splitting the dual-mode, the bandwidth is obtained. 3. Changing the iteration order, the central frequency, the bandwidth, and the transmission zeros are adjusted. 4. Designing a novel inter-digital coupling, the dual-mode dual-band BPF is achieved.
CONCLUSIONS
A miniaturized dual-mode MIB BPF with wide-band and dual-band responses, low insertion-loss and two transmission zeros is proposed in this paper. The space-filling technique and the self-similarity of the iterative fractal configuration is an available approach to achieve the miniaturization, the BW extension and the transmission zero adjustment. By tuning the perturbation, dual-mode resonances are excited for the desired wide-band responses. The performance with wide bandwidth (FBW = 12.4%), low insertion loss (0.72 dB), high rejection level (−52.5/−44.9 dB), and the size reduction with 60.6% are achieved at center frequency of 2.41 GHz for wide-band applications. These filters can achieve a wide pass band and sharp rejection band. It can be applied to the WLAN 802.11b/g systems.
For the dual-band applications, at first center frequency of 2. 
